Background: The rice interactome, in which a network of protein-protein interactions has been elucidated in rice, is a useful resource to identify functional modules of rice signal transduction pathways. Protein-protein interactions occur in cells in two ways, constitutive and regulative. While a yeast-based high-throughput method has been widely used to identify the constitutive interactions, a method to detect the regulated interactions is rarely developed for a large-scale analysis. Results: A split luciferase complementation assay was applied to detect the regulated interactions in rice. A transformation method of rice protoplasts in a 96-well plate was first established for a large-scale analysis. In addition, an antibody that specifically recognizes a carboxyl-terminal fragment of Renilla luciferase was newly developed. A pair of antibodies that recognize amino-and carboxyl-terminal fragments of Renilla luciferase, respectively, was then used to monitor quality and quantity of interacting recombinant-proteins accumulated in the cells. For a proof-of-concept, the method was applied to detect the gibberellin-dependent interaction between GIBBERELLIN INSENSITIVE DWARF1 and SLENDER RICE 1.
Background
Interactome analysis collects data of protein-protein interactions occurring in cells. A useful application of the analysis is to identify functional modules of signal transduction pathways in which a network of protein-protein interactions mediate the signals (Barabasi et al. 2011; Pawson and Nash 2000) . Protein-protein interactions occur in cells in two ways, constitutive and regulative. Constitutive protein interactions occur all the time in cells. In many cases, even when interaction is examined in vitro, a constitutive interaction is detectable. On the other hand, regulated protein interactions occur when cells are exposed to selected environments such as stress and environmental cue. When cells are exposed to selected environments, some of proteins change their subcellular localization to interact with other proteins. Alternatively, cells may produce small compound (i.e., hormone) that mediates a protein-protein interaction (Ritter and Hall 2009) , or a protein in the cells be modified (i.e., phosphorylation) to attract other proteins (Pawson 2004) . Importantly, regulated protein-protein interactions are often at pivotal positions within the interaction network in a signal transduction pathway (Wehr et al. 2008) .
Because plants highly adaptive to different environments, signal transduction pathways in plants are thought to be complicated (Vanstraelen and Benkova 2012; Santner and Estelle 2009 ). Genomes of Oryza genus have been modified to adapt diverse environments and increase the value as a crop (Vaughan et al. 2003) . Hence, genetic analysis of Oryza sativa, rice, is recently spurred considerable interest to understand the genomic evolution. However, rice interactome analysis, which would reveal the molecular mechanism of the rice adaptation, has been limited to constitutive protein-protein interactions that are determined by the yeast two-hybrid assay (Gu et al. 2011; Seo et al. 2011) . Although the assay would detect protein-protein interactions in absent or present of certain regulators, it is difficult to detect regulated protein-protein interactions that may occur in cellular conditions specific to rice.
The split luciferase complementation (SLC) assay is one of methods that detect regulated protein-protein interactions in situ (Ozawa et al. 2001; Kaihara et al. 2003; Luker et al. 2004 ). In the assay, N-and C-terminal fragments of luciferase are genetically fused to a protein pair of interest. The luciferase activity, which emits light through oxidation of a substrate, is complemented when the protein pair interacts with each other, but ceases when the protein pair does not interact. Hence, one can determine a protein interaction by a flash of light. Because the assay is capable of identifying not only interaction but also dissociation of protein pairs, it is suitable for analyzing kinetics of protein interactions in situ (Luker et al. 2004) . Moreover, the result of the SLC assay is reproducible with high signal-to-background ratios, which allows for conducting interactome analysis, at least, in animal cells (Cassonnet et al. 2011) .
In plants, the assay was first applied to detect a histonehistone interaction in protoplasts of Arabidopsis leaves (Fujikawa and Kato 2007) . Since then, the assay has been applied to detect interactions between membrane proteins (Kato et al. 2009 ), bacterial effector proteins and their protein targets (Chen et al. 2008) , auxin response factors ), 14-3-3 regulator proteins (Gehl et al. 2011 ), coiled-coil-nucleotide-binding site-leucine-rich repeat (CC-NB-LRR) protein (Inoue et al. 2013) , and kinase (Schmidt et al. 2013) . We previously showed with the SLC assay that protein-protein interactions in Arabidopsis protoplasts are sensitive to environmental conditions (Kato and Bai 2010) , indicating that the SLC assay would be well-suited for analyzing regulated protein-protein interactions in plant cells.
Currently, however, the use of the SLC in plants is limited to detecting constitutive protein-protein interactions and only in dicot model plants such as Arabdidopsis and tobacco, but not in monocot plants such as rice. Comparative transcriptional analyses revealed that rice and Arabidopsis differently transduce a stress signal (Yazaki et al. 2004; Narsai and Whelan 2013) . Moreover, gene annotation and transcriptome analyses revealed that rice and Arabidopsis differently regulate the flow of potassium in the plasma membrane as a result of stress and environmental cue (Very et al. 2014; Ma et al. 2012 ). Potassium is the major inorganic cation in the cytoplasm, and known to regulate the activities of many enzymes including ones involved in signal transductions in plant cells (Wang and Wu 2013) . These analyses support the idea that rice may possess a unique network in regulated interactions, which could not be identified when a protein-interaction assay is conducted in different organisms (i.e. Arabidopsis and yeast).
Here we present a Renilla luciferase-based technology breakthrough that allows the identification of regulated protein-protein interactions in rice in near-real time, which can also be expanded to a large-scale analysis.
Results and discussion
A transformation method for rice protoplasts in a 96-well plate was established
Simultaneously transforming an organism of interest with a large number of independent vectors is one of the key technologies for an interactome assay. Although methods to transform rice protoplasts in individual micro-centrifuge tubes have been published elsewhere (Bart et al. 2006; Zhang et al. 2011; Datta and Datta 1999) , a method simultaneously to transform rice cells in a 96 well-plate hat allows transforming the cells with a large number of independent vectors has not been established for rice. To this end, we established a method in which rice protoplasts are transformed with polyethylene glycol (PEG) in a 96-well plate, based on the method previously developed for Arabidopsis leaf protoplasts (Kato and Jones 2010) . We used a vector expressing full-length Renilla luciferase as a transgene so that the transformation method was most optimized for the assay. We found that 0.5 -1.0 g of 1 -2 week old rice shoots that are vertically cut into 2 mm wide strips toward the leaf sheath produced enough high quality protoplasts to conduct 96 independent transformations in the plate. We also found that transforming the rice protoplasts in a 96-well plate did not generate a bias toward column and row in the plate with respect to transformation efficiency ( Figure 1 ). In other words, transformation efficiency is slightly deviated in each well but not by columns and rows.
An antibody that recognizes the C-terminal fragment of Renilla luciferase was generated
It is important to understand quality and quantity of recombinant proteins accumulated in transformed protoplasts. This ensures interaction kinetics is correctly interpreted from luminescence emitted from the protoplasts. We previously found that a commercially available antiReniila luciferase antibody recognizes the N-terminal fragment (NRLuc) but not the C-terminal fragment (CRLuc) of Renilla luciferase (Fujikawa and Kato 2007) . Thus, a polyclonal antibody that recognized CRLuc was generated. The antibody was directed against GST-fused CRLuc. To test whether the antibody recognizes recombinant proteins properly, rice protoplasts were transformed with vectors expressing recombinant proteins ( Figure 2 ). The recombinant proteins expressed were Arabidopsis HISTONE 2A (H2A, AT4G27230), Arabidopsis HISTONE 2B (H2B, AT5G22880), rice GIBBERELLIN INSENSITIVE DWARF1 (GID1, Os05g0407500), or rice SLENDER RICE 1 (SLR1, Os03g0707600). The cDNAs encoding these proteins were inserted in pDuEx vectors (Fujikawa and Kato 2007) . These vectors contain NRLuc or CRLuc, and express the recombined gene from the cauliflower mosaic virus 35S promoter (Fujikawa and Kato 2007; Kato and Jones 2010) . Recombinant proteins were expressed in rice protoplasts in various combinations ( Figure 2 ). To conduct immunoblot assays for evaluating the Renilla luciferase antibodies, proteins in the transformed rice protoplasts were extracted by lysing the cells 16 h after the transformation. The proteins were then electrophoresed and transferred to a membrane in order to blot with the newly generated anti-CRLuc antibody, or the commercially available antibody that recognizes NRLuc. The results revealed that both antibodies detect recombinant proteins accumulated in rice protoplasts (Figure 2A) . Also, the recombinant proteins did not degrade much because signal bands in the immunoblot were not smeared. The anti-CRLuc antibody detected multiple proteins whose sizes are between 40 and 75 kDa, which do not correspond to the CRLuc-fused proteins. This indicated that careful analysis would be required when recombinant proteins whose sizes are similar to those unknown proteins are examined. It also suggested that levels of protein accumulations would depend on a protein expressed. For Instance, the accumulation level of the NRLuc-GID1 protein is lower than that of the NRLuc-H2A protein (Figure 2A ).
Luminescence emitted from protoplasts depends on not only the affinity (dissociation constant) of a protein pair that is fused to NRLuc and CRLuc, respectively, but also the amounts the recombinant proteins accumulated in the protoplasts (Kato et al. 2009 ). Because luminescence units determined in the assay are relative but not absolute, it remains a challenge to deduce an absolute value of the dissociation constant. However, the antiCRLuc antibody developed in this study will allows addressing the question whether low luminescence in the assay is caused by a low affinity of the protein pair or low levels of the protein accumulation in one or both of the protein pair as discussed in the following sections.
Histone2A-histone2B interaction was detected with a high signal-to-background ratio
To examine whether a protein interaction was detected by bioluminescence in rice protoplasts, relative luminescence units (RLU) were measured soon after adding the luciferase substrate to the culture solution in each well of the 96-well plate but before lysing the protoplasts for the immunoblot assay. Because H2A interacts with H2B (Fujikawa and Kato 2007) , we expected rice protoplasts expressing NRLuc-H2A and CRLuc-H2B to emit luminescence light at high levels upon addition of viviRen®, the substrate for Renilla luciferase. On the other hand, we expected rice protoplasts expressing NRLuc-H2A and CRLuc-SLR1 or NRLuc-GID1 and CRLuc-H2B to emit luminescence light at very low levels, similar to mock-transformed protoplasts, because these protein pairs would not interact with each other. The rice protoplasts expressing NRLuc-H2A and CRLuc-H2B showed 21-fold higher RLU, compared to the mock transformed protoplasts ( Figure 2B ). On the other hand, the protoplasts expressing NRLuc-H2A and CRLuc-SLR1 or those expressing NRLuc-GID1 and CRLuc-SRL1 showed RLU at low levels relative to the mock transformed protoplasts. This suggested that rice protoplasts are suitable to determine protein-protein interactions by the SLC assay in a large-scale format as we previously found in Arabidopsis protoplasts (Fujikawa and Kato 2007) .
Gibberellin-dependent interaction of GID1 and SLR1 was detected in near-real time
Adaptation of plant growth and development to the environment is largely achieved through hormone production and distribution in the plant (Vanstraelen and Benkova 2012; Santner and Estelle 2009) . Hence, signal transduction pathways and a protein interaction network in plant cells are expected to be modulated by hormones. To test whether our system could detect hormone-dependent protein interactions, we took advantage of the previously characterized interaction between two components of gibberellin signaling, GID1 and SLR1 (Ueguchi-Tanaka et al. 2005). GAs are a large family of plant hormones that widely play roles in plant development, such as seed germination, stem elongation, leaf expansion, flowering, and pollen maturation (Thomas and Sun 2004) . A breakthrough in the GA signaling study is the discovery of a soluble GA receptor, GID1 (Ueguchi-Tanaka et al. 2005) . The gid1 mutant rice shows dwarf and insensitive to the exposure of exogenous GA. Structural analyses of GID1 proteins of rice and Arabidopsis revealed that an N-terminal portion of the protein functions as a lid to bind and cover GA (Murase et al. 2008; Shimada et al. 2008) . The N-terminal lid is also found to involve in the GA-dependent interaction with SLR1, the repressor in GA signaling (Murase et al. 2008; Shimada et al. 2008) . Interestingly for us, while the rice (Oryza sativa) genome encodes one GID1 protein OsGID1, the Arabidopsis (Arabidopsis thaliana) genome encodes the OsGID1 orthologous protein AtGID1a and the paralogous proteins AtGID1b (Nakajima et al. 2006) . AtGID1b constitutively interacts with SLR1 without GA (Yamamoto et al. 2010 ). This supports the idea that rice and Arabidopsis cells may have different networks in the GA-regulated protein-interactions.
Because the interaction of GID1 and SLR1 occurs in the nucleus in a gibberellin-dependent manner in rice The accumulated proteins and signal ratio are described at the bottom of the graph. Notice only protoplasts expressing NRLuc-H2A and CRLuc-H2B show RLU that is significantly higher than that of the non-transformed protoplasts.
of gibberellin 3 (GA3), an active form of gibberellin, were added to the culture solution 60 min after adding the luciferase substrate. The protoplasts showed low RLU (about 20 RLU) soon after adding the substrate, suggesting interaction did not occur at this point. Although the RLU gradually increased with a function of time, most likely due to passive transport of the substrate from the culture solution into the cells, the RLU remained at low levels for 90 min without GA3. On the other hand, the RLU increased soon after adding GA3, and the RLU remained at high levels even 30 min after adding GA3 (90 min after adding the substrate). Fold changes of the RLU after adding GA3 (up to 1.5-fold, compared to the mock treated protoplasts) was not as high as the H2A-H2B interaction that also occurs in the nucleus (10-fold, compared to a non-interaction protein pair) (Figure 2 ). This suggested that the dissociation constant of GID1-SLR1 might be lower than that of H2A-H2B. An additional or alternative possibility is that topologies of NRLuc-GID1 and CRLuc-SLR1 do not allow for complementation of the luciferase activity to the extent of that with NRLuc-H2A and CRLuc-H2B. In other words, three-dimensional positions of NRLuc and CRLuc may not be optimized to reconstitute the luciferase activity when NRLuc-GID1 and CRLuc-SLR1 interact. Nevertheless, the increased RLU was statistically significant (P < 0.01) and depended on the concentration of GA3. Moreover, GA3 did not increase RLU in the protoplasts that expressed NRLuc-H2A and CRLuc-H2B (Additional file 1: Figure S1 ). We also confirmed by immunoblot assay that the changes of the RLU were not due to changes of the amounts of the recombinant proteins accumulated in the transformed protoplasts ( Figure 3B ). Together the results indicated that the increased RLU in the protoplasts expressing NRLuc-GID1 and CRLuc-SLR1 was due to increased association of the recombinant proteins by GA3.
Interaction of GID1 and SLR1 was not affected by other plant hormones in rice protoplasts
Gibberellin signaling pathways exhibit crosstalk with pathways that are regulated by other plant hormones such as abscisic acid and auxin (Weiss and Ori 2007) . To investigate whether other plant hormones besides gibberellin trigger the GID1-SLR1 interaction in rice cells, we tracked changes of RLU in the rice protoplasts transformed with vectors expressing NRLuc-GID1 and CRLuc-SLR1 (Figure 4 ). In the experiment, GA3 and GA4, another active form of gibberellin, as well as other plant hormones, including abscisic acid (ABA), indoleacetic acid (IAA), kinetin (KT), salicylic acid (SA), and jasmonic acid (JA) added to the culture solution 60 min after addition of the luciferase substrate. RLU increased soon after adding GA3 and GA4, and the RLU remained at high levels even 30 min after adding GA3 and GA4 (90 min after adding the substrate). Fold changes of the RLU, compared to the mock transformed protoplasts, after adding GA4 was significantly (P < 0.01) higher than that of GA3. This suggested that GID1 and SLR1 might interact more firmly with GA4 than GA3. This agrees with a previous report that GA4 gives higher promoter activity in a GID1-SLR1 yeast two-hybrid assay compared to GA3 (Ueguchi-Tanaka et al. 2007a) . Although other hormones increased RLU, the increases were not significant (P > 0.10) compared to the mock transformed protoplasts. We also confirmed by immunoblot assays that amounts of the recombinant proteins accumulated in the transformed protoplasts were not affected by different plant hormones ( Figure 4B ). This suggested that the GID1-SLR1 interaction was mediated by gibberellin specifically in the rice cells. This also showed that the SLC assay is capable of detecting a protein-protein interaction that is regulated by a hormone. 
Conclusions
We previously discussed about advantage and disadvantage of SLC by comparing the results of SLC in Arabidopsis protoplasts with that of other interaction assays such as FRET (Fluorescence resonance energy transfer) and Co-IP (Co-immunoprecipitaiton) assay (Fujikawa and Kato 2007; Kato et al. 2009 ). We, furthermore, used the SLC assay to detect a light-dependent interaction in Arabidopsis protoplasts (Kato et al. 2009 ). Here we showed that the SLC is capable of detecting a protein-protein interaction that is regulated by a hormone in rice protoplasts in near-real time. Because pDuEx vectors used in this SLC assay contain the Gateway® recombinant sites (Fujikawa and Kato 2007) , one can relatively easily construct a large number of expression vectors. Moreover, four different types of pDuEx vectors that allow fusing NRLuc or CRLuc to N-or C-terminal ends of a target protein, were constructed (GenBank: EF565883, EF56588, GU370778 and GU370779). All together, these provide a suite of vectors for a large-scale SLC assay in rice protoplasts. The suite would aid in revealing regulated protein-protein interactions in rice and other monocot crop cells in a large-scale format.
Methods

Plasmid constructs
The coding sequences in the cDNAs including a stop codon (GID1; GIBBERELLIN INSENSITIVE DWARF1, Genbank Acc. No. AB211399, SLR1; SLENDER RICE1 Genbank Acc. No. AB262980) were amplified by PCR using pGBKT7-GID1 and pGADT7-SLR1 (Ueguchi-Tanaka et al. 2005) as the templates, respectively. The products of PCR were then cloned into a pDONR/Zeo vector (Invitrogen, CA). The resultant plasmids were subsequently used to clone into pDuExAn6 or D7 expression vectors (Fujikawa and Kato 2007) with the Gateway® cloning system (Invitrogen, CA).
Rice cultivation and treatments
Mature seeds of rice (Oryza sativa L. Japonica) were soaked in water for 3 days at 28°C in the dark after being sterilized with 50% (v/v) bleach for 10 min. The seeds were then placed on soil in a pot (8 cm 
Protoplast preparation and transformation
Rice shoots (0.5 -1.0 g, 1-2 week old) were cut into 2 mm-wide sections toward the leaf sheath by using a surgical knife (No.21 FETHER, Osaka, Japan). Protoplasts were isolated by enzymatic hydrolysis using cellularase RS 
